Axillary meristems (AMs) are secondary shoot meristems whose outgrowth determines plant architecture. In rice, AMs form tillers, and tillering mutants reveal an interplay between transcription factors and the phytohormones auxin and strigolactone as some factors that underpin this developmental process. Previous studies showed that knockdown of the transcription factor gene RFL reduced tillering and caused a very large decrease in panicle branching. Here, the relationship between RFL, AM initiation, and outgrowth was examined. We show that RFL promotes AM specification through its effects on LAX1 and CUC genes, as their expression was modulated on RFL knockdown, on induction of RFL:GR fusion protein, and by a repressive RFL-EAR fusion protein. Further, we report reduced expression of auxin transporter genes OsPIN1 and OsPIN3 in the culm of RFL knockdown transgenic plants. Additionally, subtle change in the spatial pattern of IR4 DR5:GFP auxin reporter was observed, which hints at compromised auxin transport on RFL knockdown. The relationship between RFL, strigolactone signalling, and bud outgrowth was studied by transcript analyses and by the tillering phenotype of transgenic plants knocked down for both RFL and D3. These data suggest indirect RFL-strigolactone links that may affect tillering. Further, we show expression modulation of the auxin transporter gene OsPIN3 upon RFL:GR protein induction and by the repressive RFL-EAR protein. These modified forms of RFL had only indirect effects on OsPIN1. Together, we have found that RFL regulates the LAX1 and CUC genes during AM specification, and positively influences the outgrowth of AMs though its effects on auxin transport.
Introduction
The aerial architecture of plants is determined by the activity of the shoot apical meristem (SAM) and axillary meristems (AMs) formed in the axils of lateral primordia. The outgrowth of vegetative AMs as shoots branch reiterates the primary shoot developmental pattern and thus gives the plant a bushy architecture. The activity of AMs is dynamically influenced by genetic and environmental factors. In rice, vegetative AMs give rise to tillers and this process involves two key steps: first, the initiation of AMs at leaf axils of juvenile plants that have compact nodes and very limited, if any, internode elongation; and second, the regulated outgrowth of these buds as tillers, a process coincident with internode elongation that occurs along with the transition of the apical meristem to flowering.
Studies on rice mutants with altered tillering have identified a number of genes important for AM initiation and/or the outgrowth of tiller buds (Pautler et al., 2013; Liang et al., 2014) . The moc1 (monoculm1) mutant produces a main culm with a limited number of, or no, side tillers. In these plants, flowering transition is normal but panicles have a reduced number of rachis branches and spikelets (Li et al., 2003) . The orthologues of MOC1 are tomato LATERAL SUPPRESSOR (LS) and Arabidopsis LATERAL SUPPRESSOR (LAS), and these all encode a member of the GRAS family of plant-specific transcriptional regulators (Li et al., 2003) . Rice LAX PANICLE1 (LAX1) encodes a basic helix-loop-helix (bHLH) transcription factor, and mutants in this affect AM development. Meristematic cells are specified in lax1 mutants but they fail to fully progress to form AMs (Oikawa and Kyozuka, 2009) .
The outgrowth of the axillary buds is influenced by hormonal signals and by environmental cues like plant density, nutrient availability, and light. Studies on more axillary growth (max) Arabidopsis branching mutants, the dwarf (d) group of rice tillering mutants, and ramosus (rms) mutants in pea identified the inhibitory role of strigolactones (Stirnberg et al., 2002; Gomez-Roldan et al., 2008; Umehara et al., 2008) . Amongst the genes involved in this pathway, MAX3/D17/HIGH TILLERING DWARF1 and MAX4/D10 encode biosynthetic enzymes (Zou et al., 2006; Arite et al., 2007) , while MAX1, a CYPTOCHROME P450 (CYP) superfamily member of the CYP711 clade, is involved in later stages of strigolactone biosynthesis (Booker et al., 2005) . The MAX2/D3 gene encodes a protein member of the F-box family that forms the substrate recognition subunit of the Skp, Cullin, and F-box (SCF) ubiquitin E3 ligases that mediate regulated protein degradation. In rice, some additional genes, D14, D27 and D53, are also known that encode factors involved in strigolactone biosynthesis, protein-protein interactions, or signalling (Arite et al., 2009; Lin et al., 2009; Jiang et al., 2013) .
Phytohormones that influence the outgrowth of AMs are auxin and cytokinin. Auxin synthesized at the growing tip of the plant is transported basipetally by the polar auxin transport stream (PATS). The direction of auxin movement through tissues is determined by the asymmetric cellular localization of members of the PINFORMED (PIN) family of transporters (Wisniewska et al., 2006) . Further, at the cellular level, PIN genes are regulated by transcriptional control and the dynamic subcellular localization of PIN proteins. The serine/threonine protein kinase PINOID (PID) regulates PIN localization. The rice counterparts OsPIN1 and OsPID are key factors for polar auxin transport (Xu et al., 2005) . Recent studies in Arabidopsis elucidate some mechanistic details underlying auxin, apical dominance, and shoot branching. One model proposes that strigolactones act downstream of auxin and directly inhibit axillary bud outgrowth, possibly by regulating meristem activity (Brewer et al., 2009; Brewer et al., 2013) . Other studies with Arabidopsis max mutants show that strigolactones may control the outgrowth of axillary buds by modulating polar auxin transport itself. These studies propose that, depending on polar auxin transport status, strigolactones may mediate the release of auxin from buds into the stem and thereby determine the number of buds to be activated (Crawford et al., 2010; Shinohara et al., 2013) .
The rice LEAFY orthologue RICE FLORICULA/LEAFY (RFL), also called ABERRANT PANICLE ORGANIZATION 2 (APO2), is expressed at high levels in very young branching panicles (Kyozuka et al., 1998; Prasad et al., 2003) ; before this, in juvenile vegetative plants, RFL is expressed in the axils of leaves (Rao et al., 2008) . The latter expression pattern of RFL and the reduced tillering phenotype seen on knockdown of RFL (Rao et al., 2008) prompted this study. Here, we probed the relationship between RFL and other factors that control AM development. The expression status of key transcription factor genes, auxin transporters and components in the strigolactone pathway gave an insight on the interplay between RFL and some of these key downstream factors. Our data suggest that RFL could prompt tiller specification and outgrowth by its cumulative effects on meristematic genes such as LAX1 and CUP SHAPED COTYLEDON1 (CUC1), and effects on auxin transport by regulation of OsPIN3.
Materials and methods

Plant materials
Rice (Oryza sativa L. var. japonica) TP309 embryogenic calli were used to raise transgenic plants via Agrobacterium-mediated transformation as described by Prasad et al. (2001) .
RT-PCR and real-time PCR
For expression analysis in dsRNAiRFL, UbiRFL(as)-1, pUGN RFL:GR or I2B:RFL-EAR transgenic plants, RNA was isolated by the Trizol method (TRI reagent, Sigma) as per the manufacturer's instructions. 2 μg of total RNA was used for cDNA synthesis using MMLV reverse transcriptase (Fermentas) and oligo dT20 as the reverse primer. 25 ng cDNA was used for each qPCR with 5 µM genespecific primers and Sensimix SYBR (Bioline). For calculating the fold change in the expression of genes in dsRNAiRFL, UbiRFL(as)-1,UGN RFL:GR or I2B:RFL-EAR axillary tissues, transcript levels in wild-type and transgenic axillary tissues were first normalized to the levels of actin, taken as the normalizing control, to obtain Ct values. The 2-ΔΔCt values were then calculated to determine the fold change of expression as described by Yadav et al. (2007) , with the standard error calculated from six replicates derived from two biological samples. Primers used are listed in Supplementary Table  S1 . For validating the transgenic status of dsRNAiRFL or Ubi amiR RFL transgenic plants, RNA was isolated by the Trizol method (TRI reagent, Sigma) as per the manufacturer's instructions from leaf tissues and reverse transcription reactions were performed. Wild-type tissues were used as negative controls. 50 ng cDNA was used as a template for PCR reactions with transcript-specific primers.
Histological analysis and microscopy
Rice culms containing SAM with leaf sheaths were fixed in formalaldehyde/acetic acid/alcohol, stained with 1% eosin in 90% alcohol, and dehydrated through a graded ethanol series. The tissues were then embedded in Paraplast Plus (Sigma) and 8 µM sections prepared for bright-field microscopy (Zeiss Axioskop2, Germany). Images of the vegetative shoot in control IR4 DR5:GFP and dsRNAiRFL-IR4DR5:GFP knockdown plants (~50 days old) were captured on a Zeiss LSM710 laser scanning confocal microscope using a 20× Air Objective (NA 0.8). Signals were collected using a 488 nm laser line with 5% power and the pinhole set to 2 Airy Unit (Ex/Em of 493 nm/524 nm). Images were further processed by ImageJ software (http://imagej.nih.gov/ij/, accessed 26 February 2015) and assembled in Adobe Photoshop.
1-N-naphthylphthalamic acid treatment
For 1-N-naphthylphthalamic acid (NPA) treatment, wild-type and UbiRFL(as)-1 seeds were sterilized with 70% ethanol followed by 40% bleach, and were then washed thoroughly with sterile water. These seeds were then inoculated on plates using 1/2MS media with varying concentration of NPA (Sigma). The plates were incubated vertically during seedling growth for 10 days in 16 h/8 h light/dark cycles. The seminal root length was determined for five plants taken for each treatment.
Dexamethasone-based induction of RFL∆GR 15-day-old T1 seedlings of pUGNRFL:GR-2 and control wild-type seedlings of similar age were treated with 10 µM dexamethasone or 0.1% ethanol as a mock control. Five plants per treatment were grouped to form two biological replicates and the treatment regime was for 9 h. RNA was prepared from culm tissues of these groups of plants (wild type and pUGNRFL:GR-2) by the Trizol method (TRI reagent, Sigma) as per the manufacturer's instructions.
Results
AM development in RFL knockdown plants
To examine tillering defects on knockdown of RFL, a binary construct dsRNAiRFL expressing hairpin RNAs against RFL was used (Rao et al., 2008) . We generated 14 independent transgenic lines and 14 control wild-type regenerated plants were raised in parallel. Leaf tissues in dsRNAiRFL transgenics were used to confirm their transgenic status by testing for the presence of hairpin RNAs against RFL. All 14 lines were positive (Supplementary Figure S1 ) and hence were taken for phenotypic analysis. The status of AMs in two of these plants (dsRNAiRFL-13 and dsRNAiRFL-14) was examined in eosin-stained sections of the vegetative culm in 15-day-old hardened plants. As compared to a culm section of a tissue culture-regenerated wild-type plant of similar age, the culm in dsRNAiRFL-13 had not initiated any AMs (Fig. 1B , compare with the wild type in 1D). In the dsRNAiRFL-14 line, buds were greatly reduced in number and their outgrowth was compromised (Fig. 1C) . The remaining 12 lines were allowed to develop further until flowering transition of their shoot apical meristem had occurred and a young panicle of 0.2 cm had formed. The time taken for this developmental transition was delayed in the RNAi lines (Supplementary Figure  S1) , as is expected for loss-of-RFL-function plants (Rao et al., 2008; Ikeda-Kawakatsu et al., 2012) . Further, a lower number of visible axillary buds were noted as compared to the bud number in tissue culture-regenerated wild-type plants (Fig. 1A) . At an age when apical meristems are converted to ~0.2 cm panicles, six dsRNAiRFL lines displayed defects in AM specification and outgrowth (Fig. 1E ). Six other lines had poor growth of axillary buds (Fig. 1F ). These data were compared to bud numbers in 14 tissue culture-regenerated wild-type plants of similar developmental age (Fig. 1A and G) . We also generated a knockdown of RFL by the ubiquitous expression of an artificial microRNA. Sixteen of these amiR-RFL lines, confirmed for the presence of the transgenic T-DNA, were studied phenotypically (Supplementary Figure S1 ). These lines displayed delayed transition to flowering as they took ~100 days as opposed to ~64 days in tissue culture-regenerated wild-type plants (Supplementary Figure S1) . Also, the amiR-RFL plants had fewer visible tillers than tissue culture-regenerated wild-type plants (Fig. 1A) .
Reduction of RFL activity alters expression status of AM development genes
To explore the relationship between the expression status of RFL and pathways known to support AM specification and outgrowth, transcript levels for some other key transcription factors and signalling pathways involved in AM development were examined. Axillary meristem tissues were dissected from eight transgenic lines of dsRNAiRFL knockdown plants and used to generate two biological RNA pools. Similar numbers of control tissue culture-regenerated wild-type plants were dissected in parallel to generate control AM RNA samples. In culm tissues from knockdown plants, we noted about 7-fold RFL downregulation as compared to transcript levels in wildtype tissues ( Fig. 2A ). LAX PANICLE1 (LAX1), a bHLH transcription factor and orthologue of maize BARRENSTALK1 (BA1), is expressed in cells at the margins between the shoot apical meristem and peripheral regions from where new primordia emerge. The lax1 mutants fail to specify AMs (Komatsu et al., 2003) . We observed a 2-fold downregulation of LAX1 transcripts in the culm of RFL RNAi plants ( Fig. 2A) . These results support the anatomical analyses of RFL knockdown plants presented earlier, which showed reduced or no buds in these transgenics. Transcript levels for rice MOC1, which plays an important role in the initiation of AMs, was increased about 3-fold as compared to the levels in wild-type culm tissues. The rice homeobox gene ORYZA SATIVA HOMEOBOX 1 (OSH1) serves as a molecular marker for meristematic cells and it is the closest homologue of Arabidopsis STM1. Expression of OSH1 in rice AMs precedes the expression of LAX1 (Oikawa and Kyozuka, 2009 ). In RFL knockdown plants, OSH1 transcript levels were unaffected in the culm tissues ( Fig. 2A) . Another homeobox gene, OsKNAT1 (OSH15), normally expressed in leaf axils (Sentoku et al., 1999) , was also unaffected ( Fig. 2A) . The CUC1, CUC2, and CUC3 proteins, which belong to the NAC domain family, function redundantly to establish boundaries between SAM and emerging primordia (Aida et al., 1997; Vroemen et al., 2003) . More recently, functions for CUC3 in AM initiation have been reported in Arabidopsis (Raman et al., 2008) . Hence, we examined the expression status of these genes in rice culms from wild-type and RFL knockdown plants. As CUC1 and CUC2 share significant functional overlap, and are both regulated by miR164, a set of primers to detect their combined levels was used, while CUC3 was measured independently. We found reduced transcript levels for both CUC1 and CUC3 genes in RFL knockdown tissues ( Fig. 2A) .
After the specification of AMs, their outgrowth is influenced by strigolactone and auxin-signalling pathways. We investigated the expression status of strigolactone biogenesis genes HTD1 and D10, encoding CAROTENOID CLEAVAGE DIOXYGENASE 7 and 8, respectively. We also determined transcript levels for D3, encoding F-box/ LRR-repeat protein involved in hormone perception. The transcript levels of HTD1 were not significantly altered in RFL knockdown tissues (changes greater than 1.5-fold were taken as significant). However, nearly 4-fold upregulation in transcript levels of D10 and D3 genes occurred in the culm of RFL knockdown plants as compared to wild-type tissues (Fig. 2B) . To understand if the effects of RFL on expression status of these genes are discernible in plants at earlier developmental stages, we studied culm tissues from juvenile plants for transcript levels of LAX1, D3, D10, and OsTB1 genes. For these experiments we utilized seed-germinated transgenics with a partial knockdown of RFL achieved through expression of antisense RNA against RFL (Rao et al., 2008) . We took this approach as strong knockdown of RFL leads to much reduced flower number and seed set (Rao et al., 2008; Ikeda-Kawakatsu et al., 2012) . Seedlings from the UbiRFL (as)-1 line were grown and we dissected the culm both from plants 15 and 30 days post-germination and from plants that had undergone the transition to flowering. Similarly staged wild-type tissues were also collected. With comparative analysis, we found transcript levels of LAX1 were affected even in 15-day-old RFL partial knockdowns, a defect which persisted in 30-day-old seedlings and in the culm of plants that were flowering. On the other hand, changes in expression levels of D3 and D10 were obvious in 30-day-old plants and in plants that had made a transition to flowering (Fig. 3A-C) . A slight increase in OsTB1 transcript levels was discernible only in plants that had undergone the transition to flowering (Fig. 3C) . Interestingly, OsTB1 expression is unaffected by strigolactone addition (Minakuchi et al., 2010) . These data suggest that RFL may influence OsTB1 by alternative mechanisms. Together, these data on regulators of AM specification and outgrowth indicate an early developmental defect in AM specification with progressive deregulation in strigolactone synthesis and perception in plants that have compromised RFL activity.
Interaction of RFL, strigolactone signalling, and bud outgrowth
Transcripts from the D3 gene are expressed in a wide range of tissues including leaves, vegetative culm (with SAM and AMs), roots, young panicles (0.1-0.3 cm) and dissected AMs (Supplementary Figure S3) . The tissue distribution of Arabidopsis MAX2 transcripts has been studied using promoter-reporter fusions, and activity was restricted to meristematic and vascular tissues of juvenile and adult plants (Shen et al., 2007) . In rice, RFL transcripts are spatially and temporally regulated. It is expressed in the vegetative culm and dissected axillary tissues, and its transcripts are dynamically regulated in developing panicles. Transcripts are not detected in mature leaves and roots (Supplementary Figure S3 ; Kyozuka et al., 1998; Rao et al., 2008) . To examine any relationship between RFL and the strigolactone pathway, we carried out knockdown of D3 in plants that were otherwise wild type and in plants that were knocked down for RFL (Fig. 4A) . Transgenic lines that harboured a single copy of the integrated T-DNA (dsRNAiRFL, Ubi amiR D3, or amiR D3-dsRNAiRFL; Supplementary Figure S4 ) were analysed phenotypically. Five independent single-copy T-DNA lines with artificial micro-RNA-driven knockdown of D3 were obtained. These plants had increased tillering (Fig. 4D ) and reduced plant height as compared to the control wild-type regenerated plants (Fig. 4B,  Supplementary Figure S5 ) indicating lowered strigolactone pathway activity. These phenotypes partially mimic, with lesser severity, the effects of a T-DNA insertion at the D3 locus (Ishikawa et al., 2005) . In this context we examined the consequences of RFL knockdown. Six independent transgenic lines with single-copy T-DNA expressing amiRNA against D3 and hairpin RNAs against RFL were studied for their tillering phenotype. These plants had an average of only one active tiller, a significant reduction when compared to an average five active tillers in lines with knockdown of only D3 (Fig. 4E, F) . The number of active tillers in these amiR D3-dsRNAiRFL plants was comparable but not statistically equivalent to that in RFL knockdown plants (Fig. 4F) . Thus, RFL functions, through other interacting pathways, are important for tiller outgrowth even when strigolactone activity is dampened. To investigate the likelihood of a causal link between strigolactone and auxin transport proteins during tiller outgrowth, we studied OsPIN1 and OsPIN3 transcript levels in wild-type plants treated with GR24, a synthetic analogue of strigolactones. We observed that plants of three developmental stages (15 and 30 days, and after flowering transition) treated with GR24 had reduced levels of OsPIN1 transcripts in vegetative culm tissues, but this had no effect on OsPIN3 transcript levels (Supplementary Figure  S5A and E). Taken together, our data show that strigolactones can influence OsPIN1 expression status, but the role played by RFL in this interaction requires further investigation.
RFL knockdown plants are compromised for auxin transport
Recent studies indicate that strigolactone regulates bud outgrowth by altering the PATS (Shinohara et al., 2013) . The PIN family of auxin efflux carriers plays a predominant role in the PATS. Their intracellular localization determines the direction of auxin flow and is also critical for the positioning and initiation of a variety of lateral meristems and organ primordia (Reinhardt et al., 2000) . In panicles of RFL knockdown plants our earlier studies on gene expression profiles showed that the auxin efflux facilitator OsPIN3-like (AK101504) was downregulated (Rao et al., 2008) . Here, we investigated the expression levels of OsPIN1 and OsPIN3 in Tiller number was counted after emergence of the panicle from the main stem. The error bars indicate the standard error of the mean. amiRD3-dsRNAiRFL, n = 6; UbiamiRD3, n = 5; dsRNAiRFL, n = 6; wild type, n = 6. **, P < 0.01. Fig. 3 . Expression analyses of some AM-pathway genes in plants at different developmental growth stages. RT-qPCR analyses of some AM pathway genes in culm tissues of plants with partial knockdown of RFL and in wild-type (WT) plants. The fold change in transcript levels is shown in 15-day-old UbiRFL (as) compared to wild type (A), in 30-day-old plants (B), and in plants after their transition to flowering (C). In each case, the fold change in normalized expression levels is represented as the mean with standard error of the mean (n = 6). A fold change of 1.5 was taken to categorize genes regulated by RFL and is indicated by the dotted line in the graph.
the culm tissues of RFL knockdown plants (dsRNAiRFL) after their transition to flowering. We detected downregulation of OsPIN1 expression by about 5-fold and of OsPIN3 by 7-fold (Fig. 5A) . To understand if the effects of RFL on expression status of these PIN genes also occur in young plants we examined the transcript levels of OsPIN1 and OsPIN3 in culm tissues of seed-germinated RFL partial knockdown Ubi:RFL(as)-1 plants at different developmental stages. Comparative expression analysis was done using plants 15 and 30 days post-germination and in partial knockdown plants that had undergone the transition to flowering. We detect lowered transcript levels for OsPIN1 and OsPIN3 expression at all three growth stages (Fig. 5B) , confirming the regulatory effect of RFL on their expression from early stages of AM outgrowth. To assess whether altered transcript levels for these auxin transporters influence hormone transport, we studied the effects of NPA, an inhibitor of auxin efflux pumps in root growth (Reed et al., 1998) . The effects on root growth in wild-type and RFL partial knockdown Ubi:RFL(as)-1 plants were assessed. We observed that even without NPA treatment, seminal root length in RFL partial knockdown seedlings was significantly reduced as compared to wild-type seedlings. Wild-type seedlings subjected to NPA treatment show a statistically significant reduction in seminal root length, even at the lowest concentration of NPA used (Fig. 5C ). On exposure to increasing concentrations of NPA, the roots of partial knockdown plants have a subtle reduction in root length that is statistically insignificant as compared to untreated partial knockdown plants (Fig. 5D ). These data suggest compromised auxin transport in RFL partial knockdown plants, hence we examined the activity of the synthetic auxin-responsive reporter IR4 DR5:GFP in wild-type and RFL knockdown plants. This reporter is often used as a read-out for the spatially regulated buildup of auxin maxima that follows auxin transport by PIN proteins (Benkova et al., 2003; Gallavotti et al., 2008) . In young regenerated wild-type plantlets with the IR4 DR5:GFP reporter cassette, which are expected to have a robust polar auxin transport system, we observed high levels of GFP florescence at the compact basal nodes, which contain the SAM and AMs (Supplementary Figure S6D) . In contrast, dsRNAiRFL plantlets with a single T-DNA knockdown cassette and the IR4 DR5:GFP reporter have diffuse GFP florescence throughout the plantlet (Supplementary Figure S6 E ), indicating poor basipetal auxin flow. Also, optical sections of shoot meristems in IR4 DR5:GFP transgenics show spatially restricted auxin maxima (Fig. 5F ). On the other hand, a diffuse pattern of GFP activity is detected in apices of RFL knockdown plants (Fig. 5G) . Further, we note that dsRNAiRFL culm tissues have a slight increase in OsIAA7 and OsIAA20 transcript levels (Fig. 5E) . As the expression of these rice genes is auxin responsive (Jain et al., 2006; Itoh et al., 2008) , our observations could reflect a deranged auxin buildup in RFL knockdown tissues.
We exploited the close phylogenetic relationship of AtPIN2, OsPIN2, and OsPIN3 (Viaene et al., 2013) to detect OsPIN2/ OsPIN3 proteins (Cho et al., 2013) Table S2 ; Supplementary Methods). Together, these data suggest that the reduced expression of OsPIN1 and OsPIN3, and the subtle defects in vascular tissues, contribute to weakened auxin transport in RFL partial knockdown plants.
RFL modulates the expression of LAX1, CUC1, and OsPIN3
To ascertain the ability of RFL to regulate the expression of LAX1 and other AM development genes that were affected on knockdown of RFL, we created transgenics that express modified versions of the RFL protein. A binary construct, pUGNRFL:GR, where the T-DNA segment harbours an expression cassette for production of RFL protein with a C-terminal translational fusion to the GR domain, was made ( Fig. 6A ; Supplementary Methods). The fusion protein is chemically inducible in these transgenic plants. Under mock conditions, the RFL:GR protein would be cytoplasmically sequestered, while on dexamethasone treatment nuclear translocation and the downstream effects due to overexpression of RFL would occur. We raised 15 plants and used the T1 seeds from pUGNRFL:GR-2 for further experimental analysis. Five plants were grouped to form two biological replicates and this was done for each of the 9 h treatment regimes, i.e. with ethanol as the mock or with dexamethasone as the inducer. Wild-type plants were similarly mock or dexamethasone treated. RNA prepared from culm tissues of these groups of plants (wild type and pUGNRFL:GR -2) were used to determine expression levels of candidate genes involved in AM development. We noted about a 2-fold increase in the transcript levels for LAX1 (Fig. 6C) and CUC1 genes on the ectopic induction of RFL:GR. On the other hand, induced overexpression of RFL:GR had no effect on transcript levels for MOC1 and CUC3. Importantly, OsPIN3 expression was elevated up to 4-fold in culm tissues of pUGNRFL:GR-2 plants that were dexamethasone treated (Fig. 6C) , while no changes were noted in OsPIN1 expression levels. The modulation in expression status of genes in the strigolactone signalling pathway was also examined, and here we studied effects on D3, D10, and OsTB1 genes. We detected no significant change in their transcript levels on induction of RFL.
In a complementary approach, we undertook studies where the consequences of expressing a repressive form of RFL on gene expression in culm tissues could be examined. For these experiments we created a set of transgenic plants where the cis regulatory elements from the RFL locus (Prasad et al., 2003) would drive the expression of RFL protein C-terminally tagged with the EAR transcription repressor motif ( Fig. 6B ; Hiratsu et al., 2003; Supplementary Methods) . Twelve transgenic plants, confirmed for the I2B:RFL-EAR T-DNA, were taken for comparative expression analysis with control wildtype regenerated plants. We observed that the transcript levels for LAX1, CUC1, CUC3, OsTB1, OsPIN1, and OsPIN3 were reduced in the culm tissues of these plants that express the dominant repressive form of RFL (Fig. 6D) . Together, these data show that RFL may directly modulate the transcript (C, D) Effects of NPA, a physiological inhibitor of auxin transport, on seminal root length. (C) NPA-treated wildtype seedlings have a significant reduction in root length (*, P < 0.01). The mild reduction in root length of Ubi::RFL (as) seedlings was not statistically significant at P < 0.01. UT, untreated. The error bars represent the standard error of the mean (n = 10). (E) Transcript levels for OsIAA7 and OsIAA20 in the culm of dsRNAiRFL and wild-type flowering plants. The mean fold change, with standard error of the mean (n = 6), is plotted. (F, G) Auxin reporter distribution in wild-type and RFL knockdown plants. A distinctive spatial organization of auxin reporter activity is seen in the vegetative shoot apex of the control plant (F, IR4DR5-GFP); in the RFL knockdown plant (G, dsRNAiRFL-IR4DR5:GFP) dispersed signal is detected in the shoot apex, leaf primordia, and nodal region. Scale bars: 50 µm. levels of LAX1, CUC1 and OsPIN3 in the culm, whereas the effects on strigolactone pathway genes and OsPIN1 are probably indirect effects.
Discussion
In this study, we examined the influence of rice RFL on factors that control specification and outgrowth of vegetative AMs. Our findings indicate that defects in AM development that occur on RFL knockdown arise from its regulatory effects first during specification of these meristems and later during their outgrowth as a tiller. Our data place meristem specification transcription factors LAX1 and CUC downstream of RFL. Additionally, the positive regulatory effect of RFL on auxin transporters in the culm could affect outgrowth of AMs.
RFL regulates genes important for AM specification
The LAX1 gene is required for development of primary branches, secondary branches, and lateral spikelets of the rice panicle (Komatsu et al., 2001) . All these branch meristems are formed at the axils of bracts (Itoh et al., 2005) . While nearly all mutant alleles of LAX1 show panicle-branching defects (Komatsu et al., 2001) , they have variable effects on tillering. The strong lax1-2 null mutant, with reduced tillering, showed LAX1 functions are relevant to all AMs (Oikawa and Kyozuka, 2009) . In young vegetative tissues RFL transcripts are detected in leaf axils and in young AMs (Rao et al., 2008) . This expression domain encompasses cells that express LAX1 mRNA and cells with the LAX1 protein (Oikawa and Kyozuka, 2009 ). We found a reduction of RFL activity caused persistent reduction in AM development even after plants had undergone the transition to flowering. Therefore, we examined the relationship between RFL and LAX1 in the culm of plants at different developmental stages. We show that in the culm, LAX1 transcript levels are co-related with those of RFL. Further, our data from gene expression effects in transgenics with repressive or inducible RFL show modulation in LAX1 transcript levels. Recent studies on the rice lax2 mutant indicate that multiple pathways contribute to AM development, as the lax1 lax2 double mutants have synergistic tillering defects (Tabuchi et al., 2011) . While LAX2, a novel nuclear protein, does not affect expression of LAX1, it is an interacting partner proposed to contribute to the AM functions of LAX1. Our findings imply a probable direct activating role for RFL in AM development that acts, in part, through attaining appropriate LAX1 expression levels. These findings are analogous to the role ascribed to a maize AT-hook protein, BAF1 that, along with unknown factors, was required for threshold levels of BA1 (maize LAX1 orthologue) expression (Galavotti et al., 2011) . BAF1 thereby contributed to AM initiation in maize either upstream of, or parallel to, BA1. Arabidopsis LFY has a predominant role in conferring floral meristem (FM) identity (Weigel et al., 1992; Wagner, 2009; Moyroud et al., 2010) with its functions in AMs being unclear until recently. The latter functions were uncovered with the new LFY HARA allele with only partial defects in FM identity (Chahtane et al., 2013) . This mutant allele showed that LFY can promote growth of vegetative AMs through its direct target REGULATOR OF AXILLARY MERISTEMS1 (RAX1), encoding an R2R3 MYB domain factor (Chahtane et al., 2013) . These functions for Arabidopsis LFY and RAX1 in AM development are parallel to, and redundant with, the pathway regulated by LATERAL SUPPRESSOR (LAS) and REGULATOR OF AXILLARY MERISTEM FORMATION1 (ROX1). The The expression levels in C and D are represented as the mean of relative fold changes seen for three replicates from two independent biological samples. Error bars represent the standard error of the mean (n = 6). A fold change of 1.5 was taken to categorize genes regulated by RFL and is indicated by the dotted line in the graph.
latter gene activities are largely functional only in AMs and not FMs (Greb et al., 2003; Yang et al., 2012) . Interestingly, ROX1 is orthologous to rice LAX1 and we find that LAX1 expression levels in flowering panicles and vegetative AMs is dependent on the expression status of RFL (Rao et al., 2008 ; also this study). Our data also show elevated transcript levels for MOC1, the homologue of Arabidopsis LAS, in plants downregulated for RFL. However, we found that induction of RFL:GR and expression of the repressive RFL-EAR protein did not significantly alter MOC1 transcript levels. Therefore, we postulate that in RFL knockdown plants the changes in MOC1 transcript levels arise due to indirect consequences. Further, as MOC1 is subjected to post-translational and post-transcriptional control (Lin et al., 2012; Xu et al., 2012) , understanding any relationship between RFL and MOC1 requires further studies. Thus, we speculate that the multiple pathways that control Arabidopsis AM development, i.e. LFY-dependent and LFY-independent mechanisms, are closely linked in rice.
In Arabidopsis, CUC2 and CUC3 genes, in addition to their role in shoot meristem formation and organ separation, play a role in AM development possibly by defining a boundary for the emerging AM. These functions for the Arabidopsis CUC genes are routed through their effects on LAS and by mechanisms that are independent of LAS Raman et al., 2008) . A relationship between Arabidopsis LFY and CUC genes in AMs has not yet been defined, but the direct regulatory effects of LFY on CUC2 in FMs is known (Winter et al., 2011) . Our data show modulation in RFL activity leads to corresponding expression changes in CUC1, CUC2, and CUC3 gene expression in the culm. Further, we note overlapping expression domains for rice RFL, OsNAM/ CUC2, and OsCUC3 in leaf axils (Hibara and Nagato, 2006; Rao et al., 2008) . Thus, during rice AM development, the meristem functions of RFL and CUC genes are related.
RFL regulates AM outgrowth by positively influencing auxin transport
The outgrowth of axillary buds is also influenced by hormonal signals and external cues such as planting density, nutrient availability, and light (Shimizu-Sato and Mori 2001; Beveridge et al., 2003; Leyser, 2003; Brewer et al., 2013) . Studies of Arabidopsis max, pea rms, and rice dwarf strigolactone mutants provide two mutually non-exclusive models that explain the general relationships between auxin, strigolactone, and bud outgrowth, but details of temporal and spatial dynamics of these links are unclear. One model postulates that strigolactones inhibit bud outgrowth by altering gene expression with possible direct effects on AMs (Brewer et al., 2009; Brewer et al., 2013) . Computational modelling of long-distance auxin transport and decapitation experiments with pea support this model, and suggest that strigolactone may affect bud meristem cell division downstream of BRC1, a TCP-domain transcription factor (Brewer et al., 2009; Dun et al., 2012; Renton et al., 2012) . Other recent reports using Arabidopsis show that strigolactones inhibit bud outgrowth by depleting plasma membrane-localized PIN transporters (Crawford et al., 2010; Shinohara et al., 2013) . These findings form the mechanistic basis for the second model, which proposes that strigolactone inhibits bud outgrowth depending on the overall auxin transport status of the plant, with bud outgrowth requiring active export of auxin.
Here, we have shown that transgenic plants compromised for RFL function have reduced levels of OsPIN1 and OsPIN3 transcripts and diffuse auxin-sensitive reporter activity in the SAM (Fig. 5) . Supporting this are immunolocalization data that hint at a mild reduction in OsPIN2/ OsPIN3 cross-reactivity in RFL knockdown plants, further supported by impaired auxin transport in the plants ( Fig. 5 ; Supplementary Figure S6 ; Supplementary Table S2) . Our findings are consistent with a relationship between RFL and auxin transport in vegetative culms during bud outgrowth, with probable direct effects on OsPIN3. We cannot exclude the effects of RFL on transporters such as those of the ABCB family (Multani et al., 2003; Knöller et al., 2010) . Other likely players downstream of RFL could be factors like AXR1 (Stirnberg et al, 1999) ; their contributions remain to be tested. The indirect regulatory effects of RFL on budspecific transcription factor genes such as OsTB1 could also contribute to outgrowth.
Overall, our studies indicate an important role for RFL in vegetative AM specification and perhaps on the outgrowth of axillary buds.
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